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Zircaloy Thermal Conductivity

Preliminary Recommendation

The preliminary recommendation equation for the thermal conductivity of Zircaloy is

L = 12.767 - 5.434%104T + 8.981&10°T? (1)

where) is the thermal conductivity in W K afds the temperature in K. This equation was
obtained from a least squares analysis of the available thermal conductivity and thermal diffusivity
data on Zircaloy-2 and Zircaloy-4. Figure 1 compares the values of the thermal conductivity
obtained from this equation with the Zircaloy-2 and Zircaloy-4 data included in the analysis. One
standard deviation uncertainty bands have been included in the figure. This equation is valid for the
temperature range 300 to 1800 K. Extrapolation to higher temperatures, where no data are available,
is not recommended because it is a polynomial fit to the data, not a physically-based equation.

Tabulated values of the thermal conductivity calculated from Eq.(1) are given in Table 1.

Uncertainty
Figure 1 shows the one standard deviation uncertainties for the recommended equation. They
increase with temperature from 4% at 300 K to 5% at 500 K, 6% at 800 K and 7% at 1200 K.

Average uncertainties from 1200 to 1800 K are 7%.

Discussion
Review of Thermal Conductivity Data
Table 2 lists the measurements of the thermal conductivity of Zircaloy-2 and Zircaloy-4 in
chronological order and gives the year of measurement, the temperature range, and number of data.
Data from 1958 through 1966, which includes the data of Lucks and Deem [1], Chirigos et al.[2],
Powers [3], Anderson et al. [4], Scott [5], and Feith [6] were used in the development of the
MATPRO equation [10] for the thermal conductivity of Zircaloy. The MATPRO equation for the

thermal conductivity of Zircaloy is
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A = 751+ 2.09x102T - 1.45x10°T? + 7.67x10°T?3 2

wherel is the thermal conductivity in W K arfdis the temperature in K. In Figure 2, the
MATPRO equation is shown with these data that were included in its derivation. In addition to the
data listed in Table 2, the MATPRO manual [10] lists Zircaloy-2 data given by Chirigos et al. [2]
and an additional set of data for Zircaloy-2 data reported by Powers [3]. Examination of these data
[2,3] showed that both sets of data are from measurements at the Battelle Memorial Institute and are
identical to the data reported by Lucks and Deem [1].  Inclusion of these duplicate sets of data in
the derivation of the MATPRO equation had the effect of weighting the data of Lucks and Deem by
a factor of three. More recent data tabulated in the 1997 IAEA technical document “Thermophysical
Properties of Materials for Water Cooled Reactors” [7] are the Atomic Energy of Canada Limited
(AECL) data reported by Price [8] and Mills et al. [9] and new measurements by the Institute of
Atomic Energy of China. Figure 3, which compares these new data with the MATPRO equation and
the older data fit by the MATPRO equation, indicates that some of the AECL data [7-9] are high
relative to the MATPRO equation. However, some of the data fit by the MATPRO equation are also
high relative to the MATPRO equation.

Review of Thermal DiffusivityData

No thermal diffusivity data were considered in the formulation of the MATPRO equation. In 1970,
Wheeler [11] reported anomolous results of thermal diffusivity measurements on Zircaloy-2 using

a modulated electron beam technique. These measurements gave thermal diffusivities that were
constant in the temperature range from 550 to 925 K but varied with the thickness of the sample.
Walter et al. [12] studied effects of sample orientation and thickness on thermal diffusivity of
Zircaloy-2 plate. Although no difference in the thermal diffusivity was observed for specimens from
different directions, thickness effects were detected in measurements made at Harwell using
thermocouples but not in measurements at Manchester that used infrared detectors. These results

are shown in Figure 4, where H indicates Harwell measurements using thermocouples and M denotes
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the Manchester measurements using an infrared detector. Sample thickness has been included in the
legend. Based on results of these measurements, the Wheeler data [11] and the Harwell data on
small samples reported by Walter et al. [12] have not been included in this analysis. The

Manchester data and the data from Harwell on 2 mm samples are consistent with later measurements

on Zircaloy-2 and Zircaloy-4 by Murabayashi et al. [13], by Taylor [14], and by Maglic [15].

Thermal diffusivity data for unoxidized Zircaloy-2 and Zircaloy-4 are listed in chronological order
in Table 3 and shown in Figure 5. Figure 5 shows that although the data of Gilchrist et al. [16] are
consistent with the AECL data [7-9] for the thermal diffusivity of an annealed rod in the axial

direction, these data are higher than other diffusivity data.

Data on the effects of oxidation on the thermal diffusivity of Zircaloy-2 and Zircaloy-4 [16 -20] are
not being included in this analysis, which is to determine the thermal conductivity of unoxidized
Zircaloy. In their oxidation studies, Gilchrist [16, 17], Peggs et al. [18] and Bunnell et al. [19, 20]
also report results of thermal diffusivity measurements on samples that were not oxidized in steam.
Peggs et al. report no measurement data but show curves for the thermal diffusivities of a Zircaloy-2
tube in the radial direction, a Zircaloy-2 calandria tube, and a Zircaloy-4 fuel sheath. In Figure 6,
the curves reported by Peggs et al. are compared with the low-temperature thermal diffusivity data
listed in Table 3. It shows that the results reported by Peggs et al. are consistently higher than other
data and appear to have a different slope indicating either a systematic error or differences due to the
condition of the surface. Thus, these results reported by Peggs et al. have not been included in this
analysis. In Figure 7, the data of Bunnell et al. [19,20] for as received samples of Zircaloy-4 tube,
Zircaloy-4 bar, and Zircaloy-2 and the fits to these data by Bunnell et al. [19,20] are compared with
the thermal diffusivity data listed in Table 3. Although some of the data of Bunnell et al. are in the
same range as other data, the recommended curves of Bunnell et al. are consistently low compared

to other data. Thus, the data and equations of Bunnell et al. have not been included in this analysis.
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Data Analysis
The temperatures for all data obtained prior to 1968 were converted from the 1948 International
Practical Temperature Scale (IPTS) to the 1968 IPTS. Thermal diffusivity data have been converted

to thermal conductivity using the equation

A =DCpp 3)

wherel is the thermal conductivity, D is the thermal diffusivity, C is the heat capacity, iaritie
density. The heat capacity has been calculated from equations for the heat capacity of Zircaloy-2.
For thea - phase, from 273 K< T <1100 K,

C, = 255.66 + 0.1024T (4)

where temperature is in K and the heat capacity is in'J Kg K . Fpiphase from 1320 K< T
< 2000 K

C, = 597.1 - 0.4088T + 1.565x10*T? (5)

where temperature is in K and heat capacity is in{J ki K . From 1100 K through 1214 K, in the
(o + B)- phase-transition region, the heat capacity of Zircaloy-2 has been calculated from the sum

of Eqg.(4) and a Gaussian function that represents the peak of the transition. This Gaussian function

F(T) - 1058.4 expll-1213.8]
719.61

where temperature is in K afid T)is in J kgt K*. From 1214 to 1320 K, the heat capacity of

is:

(6)

Zircaloy-2 is calculated from the sum of Eq.(5) + Eq.(6).

The Zircaloy density as a function of temperature has been calculated from the room temperature
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density, 6501 kg m , and the change in volume obtained from the linear thermal expansion in three
orthogonal directions. For thephase (T < 1083 K), the calculated densities are well represented

by the linear equation

p = 6595.2 - 0.1477T (7)

wherep is the density in kg th and T is the temperature in K. The change in density through the
(o + B)- phase-transition region was set equal to 0.67%, the value recommended for zirconium by
Guillermet [21]. In the3-phase (1144 - 1800 K), the density has been calculated from the linear

equation

p = 6690. - 0.1855T (8)

wherep is the density in kg i and T is the temperature in K.

Figure 8 shows both the thermal conductivity and thermal diffusivity data expressed as thermal
conductivity. Some of the low-temperature AECL data and the data of Scott and of Gilchrist appear
high relative to other data in the same temperature range. In Figure 9, the MATPRO equation is
compared with the data fit by the MATPRO equation, the more recent thermal conductivity data, and
the thermal conductivities obtained from the thermal diffusivity measurements. It shows that from
400 to 1200 K, the MATPRO equation is high relative to data from thermal diffusivity

measurements.

Because much new data have been obtained since the derivation of the MATPRO equation and the
MATPRO equation is not a good representation of all these data, a new analysis has been completed
to determine a new equation for the thermal conductivity of Zircaloy. The thermal conductivity and
thermal diffusivity data listed in Tables 2 and 3 have been considered in this analysis. To determine
if some of the sets of data listed in Tables 2 and 3 and shown in Figure 8 do not belong to the same

statistical set and should not be included in the final analysis, all the data shown in Figure 8 were
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fit to a quadratic function by a least squares analysis. This quadratic equation

A = 13.09 - 7.920x10“4T + 9.043x10°T?2 9)

represents the common consensus of all the data. The data, quadratic fit, and error bands at two
standard deviations from the quadratic fit are shown in Figure 10. Sets of data that have points
outside these error bands have been identified in the legend and are shown as filled symbols in the
graph. The high datum in Figure 10 at 925 K is from measurements by Feith [6]. The two
unusually low data at approximately 1140K are from measurements by Maglic et al. [15]. These

data, which are obviously bad points, have not been included in the final analysis.

To determine how well each set of data are represented by the MATPRO equation and by the
guadratic fit, modified variances relative to the MATPRO equation and the quadratic fit were

calculated for each set of data. These modified variaateme defined as

0 = = ¥ [reT) - MTF (10)

where N is the number of points in the data®g}(T;) is the thermal conductivity at temperature

T, determined by the MATPRO equation or the quadratic fitAa{i¢) is a data point in the data set.
These modified variances are given in Tables 2 and 3 for each set of data.  Sets of data for which
the majority of points fell outside two standard deviations and/or for which the modified variance
of the quadratic equation, Eq. (9), is greater than 2.5 have been excluded from the final analysis.
Data excluded from the analysis are shown in Figure 11. Thermal conductivity measurements not
included are data sets AECL4 Zircaloy-2 cold-worked tube, AECL5 Zircaloy-2 annealed strip in the
transverse direction, AECL6 Zircaloy-2 stress-relieved thin-wall tube in the circumferential
direction, and and AECL7 Zricaloy-2 annealed rod. Thermal diffusivity data excluded from this
analysis are the AECL3d Zircaloy-2 annealed rod in the axial direction and the 1976 Zircaloy-2

measurements of Gilchrist. Although only one datum of Gilchrist falls outside the two standard
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deviations, these data clearly have a different temperature behavior than the data included in the final
analysis. For example, the data of Gilchrist [16] show a distinct discontinuity at the phase transition
that is not evident in thermal conductivities obtained from other measurements. The low-
temperature data of Gilchrist are high with a different slope from the common consensus. These
deviations of the Gilchrist data from the common consensus are illustrated by modified variances

of 2.5 and 2.7, respectively relative to the MATPRO equation and the quadratic fit.

The final analysis include d321 points from the data sets listed in Table 4. Because the number

of data obtained by the measurements by Maglic et al. are considerably higher than that of any other
investigator, these data were reduced to 53 points by averaging the temperatures and thermal
conductivities of data that were obtained at nearly the same temperature. This prevented excessive

weighting of the measurements by Maglic et al. in the final analysis.

Table 5 Regression Statistics for Fits to Zircaloy Thermal Conductivity

Statistic/Functional Form Cubic Quadratic Quadratic + 1T MATPR(
v 230 234 233 322

Free parameters 4 3 4 4
Variance 0.725 0.736 0.736 1.017
Standard Deviation 0.851 0.858 0.858 1.008

The data listed in Table 4 were fit using multiple regression analysis to three functional forms:
guadratic, cubic, and quadratic + 1/T. The quadratic + 1/T functional form was included because
Fink and Leibowitz [22] found that it provided the best fit to the thermal conductivity of zirconium.
The goodness of fit for each functional form is shown in Table 5, which givése sum of the
squares of the deviation of the data from the fit), the variagfdfN-free parameters], where N=

the number of points), and the standard deviation. For completeness, these statistics for the

MATPRO equation have also been included in Table 5. All the new equations fit the data
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considerably better than the MATPRO equation. Because the statistics given in Table 5 indicate that
the quadratic + 1/T form does not fit the data any better than the quadratic equation, this functional
form has been excluded from further consideration. The quadratic equation referred to in Table 4

and 5is Eq.(1). The cubic equation is:

L = 11.498 + 4.676103T + 2.761x10°T2 + 2.2147%10°T3 (11)

where) is the thermal conductivity in W K ardis the temperature in K. The MATPRO
equation is Eq.(2).

The data included in this analysis are compared with the cubic [Eq.(11)], quadratic [Eq.(1)], and
MATPRO [Eq.(2)] equations in Figure 12.  Figure 13 shows the deviations of the data from the
cubic and quadratic equations. Examination of Figures 12 and 13 shows that the cubic equation
improvement is mainly from better fitting of the high-temperature points. In fact, some low-
temperature data are better fit using the quadratic form. Table 4 gives the modified variances defined
according to Eq. (10) for each set of data relative to the MATPRO equation and the quadratic and
cubic equations. It shows that the cubic equation provides better fits than the quadratic equation
for the data of Lucks and Deem, Anderson, Scott, Feith, and Taylor and the AECL thermal
conductivity data. Although the cubic equation provides slightly better fits to some sets of data and
to the highest temperature points, an F test comparing the quadratic and cubic fits of these data
shows that the additional term in the cubic equation is not statistically justified. Therefore, the
guadratic equation, Eq. (1) that fits the combined thermal conductivity and thermal diffusivity data

has been recommended.
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Table 1 Thermal Conductivity of Zircaloy

Temperature | Thermal Conductivity
K WmtK?
300 13.41
400 13.99
500 14.74
600 15.67
700 16.79
800 18.08
900 19.55
1000 21.21
1100 23.04
1200 25.05
1300 27.24
1400 29.61
1500 32.16
1600 34.89
1700 37.80
1800 40.89




Table 2 Thermal Conductivity Measurements

Experimenter Yeal Temperaturle No. pf Variance Material, Comments
K Points VAT Quad- Zr-2 =Zircaloy-2; Zr-4=Zircaloy-4)
PRO ratic

C. F. Lucks & H. W. Deem [1] 1958  293-1100 9 0.1 0.3  Zr-2, used in obtaining MATPRO eq.
J. N. Chirigos et al. [2] 1961 373 -110d 9 2.1 2.13  Zr-4, used in obtaining MATPRO eq.
A. E. Powers [3] 1961 293-1100 8 1.89 1.0  Zr-2, used in obtaining MATPRO eq.

8 0.70 0.54 | Zr-4, used in obtaining MATPRO eq.
W. K. Anderson et al. [4] 1962 380-900 6 0.1( 0.2  Zr-2, used in obtaining MATPRO eg.
P. B. Scott [5] 1965 350-1100 18 1.44 2.10  Zr-4, used in obtaining MATPRO eq.
A. D. Feith [6] 1966| 600 -1800 53 0.96 1.33  Zr-4, used in obtaining MATPRO eq.
E. G. Price, R. W. Millsetal. | 1980 300-700 5 0.3 0.49  AECL1 Zr-2 cold-worked tube, axial
(AECL data) [7-9] 1997 5 0.64 1.31 | AECL2 Zr-2 annealed strip, rolling

5 0.13 0.55 | AECL3 Zr-2hin-wall tube, axial

5 8.95 8.66 | AECL4 Zr-2Zold-worked tube

5 2.03 2.83 | AECL5 Zr-2 annealed strip, transverse

5 231 3.15 | AECL6 Zr-2 stress-rel.thin-wall tube, circ

5 4.26 5.91 | AECL7 Zr-2 annealed rod
China: Institute of Atomic 1997  293-1400 23 1.86 0.9B  Zr-2 tube 0.65 mm thick, 10 mm d, raq
Energy [7] 23 0.70 0.40 | Zr-4rod, axial

ial



Table 3 Thermal Diffusivity Measurements Included in Analysis

ptector

DI

Experimenter Year| Temperatufe No. ¢f Variance Material, Comments, Sample thickness
K Points VAT Quad- (Zr-2 =Zircaloy-2; Zr-4=Zircaloy-4)
PRO ratic

A. J. Walter et al. 1972 300-800 6 0.87 0.16  Zr-2, transverse 2.05 mm, Harwell, infrared d

12

[12] 6 1.78 0.62 | Zr-2, normal, 2.05 mm, Harwell, infrared detect
6 1.20 0.34 | Zr-2, rolling, 2.0 mm, Harwell, infrared detector
6 1.32 0.27 | Zr-2, 2.06 mm, Manchester, infrared dectector
6 0.81 0.09 | Zr-2, 1.04 mm, Manchester, infrared dectector
6 1.07 0.22 | Zr-2, 0.63 mm, Manchester, infrared dectector

M. Murabayashi et | 1975 300-900 14 0.59 0.04 Zr-2,2mm
al. [13]

10 1.99 091 | Zr-2,0.6 mm
19 1.24 0.53 | Zr-4,2 mm

K. E. Gilchrist [16] 1976 298-1500 18 2.47 2.6Y Zr-2,25mm, 1.97 mm

E. G. Price, 1980 290-673 5 0.53 0.0p  AECLd1 Zr-2, cold-worked tube, radial

R. W. Mills et al. 1997 i ]

(AECL data) [7-9] 5 1.20 0.55 | AECLd2 Zr-2, annealed strip, through thickness
5 4.01 5.49 | AECLd3 Zr-2, annealed rod, axial,

R. E. Taylor [14] 1991 300-1500 10 1.11 1.3 Zr-4

K. D. Maglic et al. 1994 298-1373 84 0.89 0.6p  Zr-2, annealed sheet

15

[15] 154 Zr-4, 1.7 mm thick, annealed sheet




Table 4 Thermal Conductivity & Diffusivity Data Included in Final Analysis

Temperatwle No.

Experimenter Yeal pf Variance Property, Material, Comments
K Points —| @=conductivity; D=diffusivity;
MATPRO | Quad-| - Cuble | 7r-2 =Zircaloy-2; Zr-4=Zircaloy-4)
Lucks & Deem [1] 1958 293-1100 9 0.11% 0.33 0.29, Zr-2, included in MATPRO analysis
Chirigos et al. [2] 1961 373-1125 9 2.19 2.32 247, Zr-4, included in MATPRO analysis
Powers [3] 1961 293-1100 8 1.83 0.83 0.82. Zr-2, included in MATPRO analysis
8 0.70 0.58| 0.61]| A Zr-4, included in MATPRO analysis
Anderson et al. [4] 1962 380-900 6 0.1( 0.27  0.RA Zr-2, included in MATPRO analysis
Scott [5] 1965 350-1100 18 1.46 2.4  2.31A Zr-4, included in MATPRO analysis
Feith [6] 1966 600 -1800 52 0.96 1.20  1.J9A Zr-4, included in MATPRO analysis, bgd
datum at 925K not included
Walter et al. [12] 1973 300-800 6 0.87 0.7 0.12 D, Zr-2, transverse 2.05 mm,
6 1.78 0.40| 0.52| D, Zr-2, normal, 2.05 mm,
6 1.20 0.19| 0.26] D, Zr-2, rolling, 2.0 mm,
6 1.32 0.13| 0.19| D, Zr-2,2.06 mm,
6 0.81 0.03| 0.05] D, Zr-2,1.04 mm,
6 1.07 0.10| 0.15| D, Zr-2,0.63 mm,




Table 4 Thermal Conductivity & Diffusivity Data Included in Final Analysis

Temperaturle No.

Experimenter Yeal pf Variance Property, Material, Comments
K Points — @=conductivity; D=diffusivity;
MATPRO | Quad- | Cuble | 7.2 =Zircaloy-2; Zr-4=Zircaloy-4)

Murabayashi et al. [13] 197 300-900 14 0.5p 0.p4 0j08 D, Zr-2,2mm

10 1.99 0.59| 0.68| D, Zr-2,0.6 mm

19 1.24 0.28| 0.31| D, Zr-4,2mm
Price [7, 8] Mills et al. 198( 300-700 5 0.30 0.7  0.T1, AECL1, Zr-2 cold-worked tube, axial
[7,9]; (AECL data) 1997 . .

5 0.64 1.68| 1.54[ X, AECL2, Zr-2 annealed strip, rolling

5 0.13 0.75| 0.65] A, AECL3, Zr-2 stress-relieved tube, axial
Price [7, 8] Mills et al. 198( 290-673 5 0.53 0.6 0.10 D, AECLd1 Zr-2 cold-work tube, radidl
[7,9]; (AECL data) 1997 .

5 1.20 0.29| 0.34] D, AECLd2 Zr-2; annealed strip, through

thickness
Taylor [14] 1991| 300-1500 10 111 1.1y 110 D, ZzZr4
Maglic et al. [15] 1994 298-1373 53 0.89 0.37 0.38 D, Zr-2 & Zr-4; reduced to 53 points by
averaging data at same temperature

China: Institute of 1997 293-1400 23 1.8¢ 0.10 0.8, Zr-2 tube, radial
Atomic Energy [7] .

23 0.70 0.26| 0.23| A, Zr-4 rod, axial




Zircaloy Thermal Conductivity, W m * K™

Fig. 1 Recommended Equation for Zircaloy Thermal Conductivity
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Zircaloy Thermal Conductivity, W m * K™

Fig. 2 Comparison of MATPRO Equation with Data Analyzed in MATPRO
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Thermal Conductivity, W m™* K™

Fig. 3 Comparison of Zircaloy Thermal Conductivity Data with MATPRO Eq.
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Zircaoly Thermal Diffusivity, mm ’ls

Fig. 4 Study of Effects of Thickness and Direction on Zircaloy
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Thermal Diffusivity, mm /s

Fig. 5 Zircaloy Thermal Diffusivity Data Considered in this Analysis
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Zircaloy Thermal Diffusivity, mm ’ls

Fig. 6 Comparison of Low-Temperaute Zircaloy Thermal Diffusivity Data
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ZircaloyThermal Diffusivity, mm s

Fig. 7 Comparison of Thermal Diffusivity Results of Bunnell et al. with Other Data
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Thermal Conductivity, W m™* K™

Fig. 8 Zircaloy Thermal Conductivity and Diffusivity Measurements
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Zircaloy Thermal Conductivity, W m * K™

Fig. 9 Comparison of MATPRO Eg. with Thermal Conductivity & Diffusivity Data
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Zircaloy Thermal Conductivity, W m * K™

Fig. 10 Comparison of Data with Quadratic Fit and 2 Standard Deviations
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Thermal Conductivity, W m™* K™

Figure 11 Comparison of Zircaloy Thermal Conductivity Data Not Included in Final
Analysis with Quadratic Line Through All the Data
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Thermal Conductivity, W m™* K™

Fig. 12 Comparison of Zircaloy Data with Equations
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Fig. 13 Deviation of Zircaloy Data from Cubic and Quadratic Equations
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